Spectroscopy and strong decays of the charmed baryons are reviewed. Possible spin-parity quantum numbers of several newly observed charmed baryon resonances are discussed. Strong decays of charmed baryons are analyzed in the framework of heavy hadron chiral perturbation theory in which heavy quark symmetry and chiral symmetry are synthesized.
Introduction
In the past years many new excited charmed baryon states have been discovered by BaBar, Belle and CLEO. In particular, B factories have provided a very rich source of charmed baryons both from B decays and from the continuum e + e − → cc. A new era for the charmed baryon spectroscopy is opened by the rich mass spectrum and the relatively narrow widths of the excited states. Experimentally and theoretically, it is important to identify the quantum numbers of these new states and understand their properties. Since the pseudoscalar mesons involved in the strong decays of charmed baryons are soft, the charmed baryon system offers an excellent ground for testing the ideas and predictions of heavy quark symmetry of the heavy quarks and chiral symmetry of the light quarks.
Spectroscopy
Charmed baryon spectroscopy provides an ideal place for studying the dynamics of the light quarks in the environment of a heavy quark. The charmed baryon of interest contains a charmed quark and two light quarks, which we will often refer to as a diquark. Each light quark is a triplet of the flavor SU(3). Since 3 × 3 =3 + 6, there are two different SU(3) multiplets of charmed baryons: a symmetric sextet 6 and an antisymmetric antitriplet3.
In the quark model, the orbital angular momentum of the light diquark can be decomposed into
where L ρ is the orbital angular momentum between the two light quarks and L λ the orbital angular momentum between the diquark and the charmed quark. The lowest-lying orbitally excited baryon states are the p-wave charmed baryons. Denoting the quantum numbers L ρ and L λ as the eigenvalues of L 2 ρ and L 2 λ , respectively, the p-wave heavy baryon can be either in the (L ρ = 0, L λ = 1) λ-state or the (L ρ = 1, L λ = 0) ρ-state. It is obvious that the orbital λ-state (ρ-state) is symmetric (antisymmetric) under the interchange of two light quarks q 1 and q 2 . The total angular momentum of the diquark is J ℓ = S ℓ + L ℓ and the total angular momentum of the charmed baryon is J = S c + J ℓ . In the heavy quark limit, the spin of the charmed quark S c and the total angular momentum of the two light quarks J ℓ are separately conserved.
There are seven lowest-lying p-wave Λ c arising from combining the charmed quark spin S c with light constituents in J
− state: three
− states and
− state. They form three doublets
− ) and one sin-
, where we have used a tilde to denote the multiplets antisymmetric in the orbital wave functions under the exchange of two light quarks. Quark models [1] indicate that the untilde states for Λ-and Σ-type charmed baryons with symmetric orbital wave functions lie about 150 MeV below the tilde ones. The two states in each doublet with J = J ℓ ± 1 2 are nearly degenerate; their masses split only by a chromomagnetic interaction.
The next orbitally excited states are the positive parity excitations with L ρ + L λ = 2. There are two multiplets for the first positive-parity excited Λ c with the symmetric orbital wave function, corresponding to Table I (for other charmed baryons, see [2] for details). For the case of L λ = L ρ = 1, the total orbital angular momentum L ℓ of the diquark is 2, 1 or 0. Since the orbital states are antisymmetric under the interchange of two light quarks, we shall use a tilde to denote the L λ = L ρ = 1 states. The Fermi-Dirac statistics for baryons yields seven more multiplets for positiveparity excited Λ c states.
The observed mass spectra and decay widths of charmed baryons are summarized in Table II . For the experimental status of charmed baryons, see [3] . In the following we discuss some of the new excited charmed baryon states:
Λ c
It is known that Λ c (2595) + and Λ c (2625 [4] . The dominant decay mode is Σ c π in an S wave for Λ c1 ( − by [9] .
The state Λ c (2880) + first observed by CLEO [5] in Λ + c π + π − was also seen by BaBar in the D 0 p spectrum [10] . It was originally conjectured that, based on its narrow width, Λ c (2880) + might be aΛ
state [5] . Recently, Belle has studied the experimental constraint on the J P quantum numbers of Λ c (2880)
. The angular analysis of Λ c (2880)
. In the quark model, the candidates for the spin- Table I ). And only one of them has odd parity.
Belle has also studied the resonant structure of Λ c (2880) + → Λ + c π + π − and found the existence of the Σ * c π intermediate states [11] . The ratio of Σ * c π/Σπ is measured to be
− , Λ c (2880) decays to Σ * c π and Σ c π in a D wave and we obtain
where the factor of 7/2 follows from heavy quark symmetry. Hence, the assignment of
andΛ ′′ c2 with J ℓ = 2 decay to Σ c π in a F wave and Σ * c π in F and P waves. Neglecting the P -wave contribution for the moment,
At first glance, it appears that this is in good agreement with experiment. However, the Σ * c π channel is available via a P -wave and is enhanced by a factor of 1/p 4 π relative to the F -wave one. Unfortunately, we cannot apply heavy quark symmetry to calculate the contribution of the [Σ * c π] F channel to the ratio R as the reduced matrix elements are different for P -wave and F -wave modes. In this case, one has to reply on a phenomenological model to compute the ratio R. At any event, the Σ * c π mode produced in Λ c (2880) is a priori not necessarily suppressed relative to [Σ c π] F . Therefore, if Λ c (2880) + is one of the states Λ c2 ,Λ c2 , Λ ′ c2 andΛ ′′ c2 , the prediction R = 0.23 is not robust as it can be easily upset by the contribution from the P -wave Σ * c π. As forΛ
Although this deviates from the experimental measurement (1) by 1σ, it is a robust prediction. This has motivated Chun-Khiang Chua and me to conjecture that that the first positive-parity excited charmed baryon Λ c (2880) + could be an admixture of Λ c2 (
It is worth mentioning that very recently the Peking group [12] has studied the strong decays of charmed baryons based on the so-called Λcπ, Σ 
Both symmetric states Λ c2 andΛ c2 are thus ruled out as the predicted ratio R is either too small or too big compared to experiment. However, the assignment of
+ ) for Λ c (2880) has an issue with the spectrum:
The quark model indicates a Λ c2 ( It is interesting to notice that, based on the diquark idea, the quantum numbers J P = 
+ ). Since the predicted ratios differ significantly for different J P quantum numbers, the measurements of the ratio of Σ * c π/Σ c π will enable us to discriminate the J P assignments for Λ c (2940) [2] . Note that it has been argued in [8] that Λ c (2940) is the first radial excitation of Σ c (not Λ c !) with J P = 3/2 + .
Σ c
The highest isotriplet charmed baryons Σ c (2800) ++,+,0 decaying to Λ + c π were first measured by Belle [16] . They are most likely to be the
− Σ c2 states because the Σ c2 ( 
Ξ c
The states Ξ c (2790) and Ξ c (2815) form a doublet Ξ c1 ( + that decay into Λ + c K − π + were first observed by Belle [17] and confirmed by BaBar [18] . Two new Ξ c resonances Ξ c (3055) and Ξ c (3123) were recently reported by BaBar [19] with masses and widths shown in Table II .
Ω c
At last, the J P = + sextet is finally completed. However, it will be very difficult to measure the electromagnetic decay rate because the width of Ω * c , which is predicted to be of order 0.9 keV [21] , is too narrow to be experimentally resolvable.
The possible spin-parity quantum numbers of the newly discovered charmed baryon resonances that have been suggested in the literature are summarized in Table III . Some of the predictions are already ruled out by experiment. For example, Λ c (2880) has
+ as seen by Belle. Certainly, more experimental studies are needed in order to pin down the quantum numbers.
Strong decays
Due to the rich mass spectrum and the relatively narrow widths of the excited states, the charmed baryon system offers an excellent ground for testing the ideas and predictions of heavy quark symmetry and light flavor SU(3) symmetry. The pseudoscalar mesons involved in the strong decays of charmed baryons such as Σ c → Λ c π are soft. Therefore, heavy quark symmetry of the heavy quark and chiral symmetry of the light quarks will have interesting implications for the low-energy dynamics of heavy baryons interacting with the Goldstone bosons.
The strong decays of charmed baryons are most conveniently described by the heavy hadron chiral Lagrangians in which heavy quark symmetry and chiral symmetry are incorporated [22, 23] . The Lagrangian 
Strong decays of s-wave charmed baryons
In principle, the coupling g 1 can be determined from the decay Σ * c → Σ c π. Unfortunately, this strong decay is kinematically prohibited since the mass difference between Σ * c and Σ c is only of order 65 MeV. Consequently, the coupling g 1 cannot be extracted directly from the strong decays of heavy baryons. As for the coupling g 2 , one can use the measured rates of Σ (6) respectively, where we have neglected the tiny contributions from electromagnetic decays. Hence, the averaged g 2 is |g 2 | = 0.591 ± 0.023 .
Using this value of g 2 , the predicted total width of Ξ * + c is found to be in the vicinity of the current limit Γ(Ξ * + c ) < 3.1 MeV [25] . It is clear from Table IV that the strong decay width of Σ c is smaller than that of Σ * c by a factor of ∼ 7, although they will become the same in the limit of heavy quark symmetry. This is ascribed to the fact that the c.m. momentum of the pion is around 90 MeV in the decay Σ c → Λ c π while it is two times bigger in Σ * c → Λ c π. Since Σ c states are significantly narrower than their spin- 
Strong decays of p-wave charmed baryons
Some of the S-wave and D-wave couplings of pwave baryons to s-wave baryons can be determined. In principle, the coupling h 2 is readily extracted from Λ c (2595) + → Σ 0 c π + with Λ c (2595) being identified as
− ). However, since Λ c (2595) + → Σ c π is kinematically barely allowed, the finite width effects of the intermediate resonant states could become important [26] . Before proceeding to a more precise determination of h 2 , we make several remarks on the partial widths of Λ c (2595) + decays. (i) PDG [6] has assumed the isospin relation, namely, Γ(Λ
to extract the branching ratios for Σ c π modes. However, the decay Λ c (2595) → Λ c ππ occurs very close to the threshold as m Λc(2595) − m Λc = 308.9 ± 0.6 MeV. Hence, the phase space is very sensitive to the small isospin-violating mass differences between members of pions and charmed Sigma baryon multiplets. Since the neutral pion is slightly lighter than the charged one, it turns out that both Λ [24] . Our value of h 2 is slightly smaller since in our case, the Σ c and Σ * c poles only describe the resonant contributions to the total width of Λ c (2593).
The Ξ c (2790) and Ξ c (2815) baryons form a doublet Ξ c1 (
